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These proceedings present a brief overview of the main results on jet-modifications in heavy ion 
collisions at RHIC. In heavy ion collisions, jets are studied using single hadron spectra and di-hadron 
correlations with a high-pr trigger hadrons. At high pr, a suppression of the yields due to parton 
energy loss is observed. A quantitative confrontation of the data with various theoretical approaches 
to energy loss in a dense QCD medium is being pursued. First results from 7-jet events, where the 
photon balances the initial jet energy, are also presented and compared to expectations from models 
^s^j ■ based on di-hadron measurements. At intermediate pr, two striking modifications of the di-hadron 

correlation structure are found in heavy ion collisions: the presence of a long-range ridge structure 
r—{ • in A77, and a large broadening of the recoil jet. Both phenomena seem to indicate an interplay 

, between hard and soft physics. 

\o '■ 

The goal of research with high-energy nuclear collisions at the Relativistic Heavy Ion Collider (RHIC) is to study 
^ ' bulk matter systems where the strong nuclear force as described by Quantum Chromo Dynamics (QCD) is the 
^ • dominant interaction. In particular, it is expected that there is a phase transition of bulk QCD matter to a deconfined 
state at high temperature. In heavy ion collisions, like in other hadronic collision, most produced particles are hadrons 
with low momenta. Experimental results at RHIC have shown collective behaviour in the in the soft sector, such as 
1 " 1 ' elliptic flow, which is a strong indication that indeed 'bulk QCD matter' is created in collisions at RHIC 

Products of initial state hard scatterings, such as high-py hadrons, photons and heavy mesons, can be used to 
probe the soft matter. Initial state production of high-p^ partons is relatively unaffected by the presence of the soft 
medium, but the partons lose energy when traversing the medium, dominantly due to gluon radiation. The goal of 
1 high-pT measurements is to study these interactions and to use them to measure the density and temperature of the 
«) . soft matter. 

OO ; 

qq ' I. MEDIUM DENSITY FROM HADRON SPECTRA AND DI-HADRONS 

o 

^ , The first indications of parton energy loss in the hot and dense matter come from inclusive spectra measurement. 
To quantify the suppression of particle production in heavy ion collisions, the nuclear suppression factor 

c3 1 p / \ dN /PT d PTdy\ Au+Au 

■ - " ' Raa{Pt) = n JTfj — - A — , (1) 

N bin dN/p T dp T dy\ p+p 

i.e. the ratio of the measured spectrum dN/pxdpxdy in Au+Au and p+p collisions, is used. The factor Nf,i n is 
the number of underlying binary nucleon-nucleon collisions in the heavy ion collisions which is calculated using a 
geometrical model of the collision 

Figure [T] shows Raa as measured in central Au+Au collisions at RHIC. For direct photons (solid squares) Raa ~ 1, 
indicating that the cross section for hard production processes scales with Nbi„ for particles that do not interact 
strongly with the medium. For light hadrons, ir° and rj, on the other hand, a suppression by a factor 4-5 (Raa ~ 0.2) 
is seen, signaling strong interactions of the partons with the medium. 

The jet-structure of high-p^ hadron production in heavy ion collisions is explored using azimuthal di-hadron 
correlation measurements. Figure [5] shows distributions of the angle between a trigger hadron at high p^ 19 and 
associated hadrons at lower p9j? soc . For the higher p 1 ^ 19 selections, there are two clear correlation peaks due to the 
near-side (A</> w 0) and the recoil (A</> w tt) jet. The peaks sit on top of a combinatorial background, which is 
subtracted to obtain associated yields. 
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FIG. 1: Nuclear suppression ratio Raa (see text) as a function of pr for 7, 7r° and rj in central Au+Au collisions at v / sjvjv=200 
GeV 01. 
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FIG. 2: Per-trigger normalised azimuthal distribution of charged particles associated with high-pr trigger particles in central 
Au+Au collisions for different pr-selections for the trigger (p^* 9 ) and associated particles (py ssoc ) [7(. 



Figure [3] shows the near-side (left panel) and recoil yield (right panel) associated per-trigger yields for trigger 
hadrons with 8 < 19 < 15 GeV/c, for d+Au collisions and Au+Au collisions with two different centralities, 20-40% 
and 0-5% of the total hadronic cross section. It can clearly be seen that the near side yield is similar in d+Au 
and Au+Au collisions, while the recoil yield shows a suppression which increases with centrality. The per-trigger 
normalisation of the yield compensates for the overall scaling of the number of hard scatterings, due to the larger 
volume in Au+Au collisions ( Nbi n scaling in Raa), as well as the leading hadron suppression. The associated 
hadron yield on the near-side measures the secondary fragment distribution given a high-p^ trigger particle. The 
fact that this distribution does not change from d+Au to Au+Au collisions, indicates that partons fragment in the 
same way in d+Au collisions as in Au+Au collisions after energy loss. The recoil yield, on the other hand, measures 
the distribution of (leading) hadrons in the jet opposite to the trigger hadron and the suppression of this yield is a 
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FIG. 3: Near-side (left panel) and recoil (right panel) associated per-trigger yields for trigger hadrons with 8 < prf lg < 15 
GeV/c, for d+Au collisions and Au+Au collisions at two different centralities, 20-40% and 0-5% of the total hadronic cross 
section [7|. The lower panels shows ratios of the Au+Au results to the d+Au reference. 



measure of parton energy loss. 



A. Quantitative analysis of medium density 

QCD gluon radiation off high-energy partons in a dense QCD medium is modeled using a number of different 
approximations. There are four main calculational frameworks of which two are based on the BDMPS-Z path 
integral formalism for multiple scattering in a static medium, including Landau-Pomeranchuk-Migdal interference 
effects Q. Two approximations exist in this framework: the multiple-soft-scattering approach, as originally 



proposed by BDMPS and further worked out for modeling applications by by Salgado and Wiedemann 10j, and the 



few- hard-scattering approach that was proposed originally by Gyulassy, Levai and Vitev (GLV) ll| . The two other 
approaches are based on a higher-twist formalism, inspired by Deeply fnelastic Scattering [12j] and the Hard Thermal 
Loop high-temperature QCD formalism (AMY 13[). It is important to realise that there are still a number of open 
theoretical questions, such as the effect of collisional energy loss (non-static medium) [3j EB| and finite-energy effects. 

Now that that the experimental data have a large p^-reach (up to 18 GeV/c for the ir° spectra) and reasonably 
small statistical+systematic uncertainties, various groups are exploring systematic confrontations of theories with 
the data 3|. A recent advance is the quantitative treatment of systematic uncertainties on the measurements 
(rgf in these comparisons. 

Figu re HI the expected nuclear modification factor Raa for several different medium densities from one energy loss 
model [16| compared to the measured values. The right panel shows the modified \ 2 (which accounts for systematic 
effects, see [l||) as a function of the medium density which is quoted as the mean transport coefficient (q). The 
transport coefficient q is the squared momentum transfer per unit path length which characterises the energy loss 





FIG. 5: Measured suppression of the recoil yield with trigger particles 8 < p% 19 < 15 GeV/c compared to model calculations 
[lsl ]. The left panel shows the recoil yield Daa for d+Au and Au+Au collisions, the middle panel the suppression ratio Iaa 
and the right panel shows the modified \ 2 of data compared to the model curves, including systematic uncertainties. Three 
different \ 2 values are given, using the recoil spectrum Daa (blue line), including theory uncertainty on the reference (magenta 
line) and using the measured ratio Au+Au suppression Iaa (red curve) [2p| . 



properties of the medium. The mean energy loss AE oc a s qL 2 for a static medium [l0(] . The extracted value of the 
mean transport coefficient (q) = I3.2I3 2 GeV 2 /fm, based on this model. A number of other models have also been 
compared to the data and tend to give lower estimates of the (equivalent) medium density. 

Figure [5] (left panel) shows the recoil yield for trigger particles with 8 < p^ 19 < 15 GeV/c in d+Au and Au+Au 
collisions compared to model curves with different medium density. The right panel shows again the modified \ 2 as 
a function of density. The model used in this case is a higher twist model, because the full set of calculations for 
the recoil yield has so far only been performed for that model [3]. The model parameter in this case is the typical 
energy loss eo- Because the d+Au reference measurement for this observable has only limited statistical precision, 
a few different approaches were taken for the theory fit. Firstly, one can directly fit the recoil yield, assuming that 



FIG. 6: Distribution of associated hadrons with 2 < p°n ssoc < 3 GeV/c in pseudo-rapidity r\ and azimuthal angle (j> with respect 
to a trigger particle with 3 < p^' 9 < 4 GeV/c in central Au+Au collisions at RHIC [211 ] . 

the NLO calculation correctly describes the p+p result. The resulting \ 2 is shown by the blue curve in Fig. [5j The 
best- fit value for eo ~ 1.9 is compatible with the value extracted using the single-hadron data with this same model 
eo = 1.9^0 5 GeV/fm [i^]. Adding the scale uncertainty on the calculated d+Au reference yield gives the magenta 
curve. When the d+Au measurement is used to calculate the recoil suppression Iaa, the red curve is obtained. This 
last procedure is the most similar to what was done for the single particle suppression in Fig. |4j but it gives the 
weakest constraint on eo- Future high-statistics measurements of di-hadron correlations in p+p and d+Au collisions 
at RHIC will further constrain the theory in this area. 



II. INTERMEDIATE P T : RIDGE AND DOUBLE-HUMP 



Di-hadron correlation measurements at lower px show large qualitative differences between p+p reference mea- 
surements and Au+Au results. Two specific striking features are widely discussed. One effect is the observation 
that there is significant associated yield at larger pseudo-rapidity difference Arj > 0.7, which is not expected from jet 
fragmentation. The other observation is a large broadening of the recoil distribution at low px, to the point where 
the distribution becomes doubly-peaked. 

Figure[5]shows the distribution of associated hadrons with 2 < p T ssoc < 3 GeV/c in pseudo-rapidity r\ and azimuthal 
angle (f> with respect to a trigger particle with 3 < p 1 ^ 19 < 4 GeV/c in central Au+Au collisions at RHIC [21(. At these 
Pt, the associated hadrons show not only the jet-like peak around (Arj,A(p) — (0,0), but also significant additional 
associated yield at larger A77. The additional yield is approximately uniformly in Ar) and therefore it is referred to 
as ridge-yield. The ridge-effect is unique to heavy ion collisions and is found to be present for trigger hadrons over 
the entire accessible pr-range (up to 7 GeV/c at present) 211 ] . The strength of the jet-like peak increases with 
Px ig , so that the relative contribution of the ridge to the near-side yield decreases with higher p 1 ^ 9 . A number of 
different possible production mechanisms have been proposed, such as coupling of radiated gluons to longitudinal 



flow [22j, 3, 24 1 , medium heating by the passage of a hard parton combined with longitudinal flow 25 1 and a radial 
flow boost to the underlying p+p event, combined with trigger bias 3, 27 1. Further experimental work is going on 
to distinguish the different scenarios. 

Another striking finding from di-hadron correlations at intermediate px is that the away-side peak is strongly 
broadened. This is illustrated in Figure [7] which shows associated hadron distributions with 1 < p T ssoc < 2.5 GeV/c 
for three different ranges of p^* 9 in central Au+Au collisions 28] (full symbols). The open symbols in the Figure 
show d+Au results for reference. Clearly, the away-side distribution is strongly broadened in the Au+Au collisions, 
compared to d+Au collisions. For lower p^ 19 , there might even be a minimum in the distribution at A<p = it. This 
observation has lead to the suggestion that partons propagating through the strongly interaction medium may give 




FIG. 7: Background-subtracted distribution of associated hadrons with 1 < p^? soc < 2.5 GeV/c for three different ranges 
of Py 19 , in central Au+Au collisions at y / sjvlv"=200 GeV (full symbols) and d+Au collisions (open symbols) [2^ . The lines 
indicate the uncertainty on the signal shape due to the uncertainty in the elliptic flow of the background. The shaded bands 
around indicate the statistical uncertainty on the background level. 



23 . 30 1 . The width of the away-side distribution would then measure the opening 



rise to Mach-Cone shock waves 
angle and thus the velocity of sound in the medium. However, it has also been pointed out that gluon radiation in 
combination with the kinematic constraint p l ^ %9 ~ pj? soc may give rise to a broadened away-side (or even 'Mercedes- 



events') as well [3l|. It is also important to realise that the raw signal sits on a large background which is not 
constant, but has has a 1 + cos(2A0) distribution due to elliptic flow. The background has been subtracted in Fig. 
[7] and the uncertainty on the extracted signal from the uncertainty in the strength of elliptic flow is indicated by the 
shaded band. However, possible correlations between elliptic flow and the jet-structure are not taken into account in 
this estimate. 

Three-particle correlation measurements are currently being developed to further explore the away-side shapes. 



III. NEW RESULTS ON ENERGY LOSS AND OUTLOOK: 7-JET AND JET RECONSTRUCTION 

While the single hadron and di-hadron suppression in Au+Au collisions can be used to determine the average 
medium density, more detailed studies have shown that the both observables, but in particular the single hadron 
distribution, are relatively insensitive to details of the energy loss process, such as the probability distribution of 
energy loss [32J. This is because the initial jet energy is not constrained in the single-hadron measurement and only 
poorly constrained in the di-hadron measurement. In addition, the typical energy loss (for partons that lose energy; 
there is also a finite probability that no radiation occurs) can be as large as 10 GeV [33j . which is large compared to 
the jet-energies at RHIC. 

Currently, two types of measurement are being discussed that provide access to the initial jet energy before energy 
loss. The first method is to use 7- jet events, where the transverse momentum of the photon is equal to the initial jet- 
energy. The drawback of this method is the small cross section compared to hadron production, which translates in a 
limited kinematic reach. An alternative way to measure the initial parton energy is to perform full jet reconstruction. 
This method has potentially large statistics, but suffers from a large combinatorial background and is therefore mainly 
discussed for LHC 34|, l35[, although work is going on to perform jet-reconstruction in heavy ion events at RHIC as 
well. 

Figure [8] shows first results from 7-jet pair in heavy ion collisions, which were presented by the STAR experiment at 
the recent Quark Matter conference in Jaipur [36| (see also [37[ for a similar analysis from the PHENIX experiment). 
The Figure shows the centrality dependence of the suppression of the recoil yield (Iaa) opposite 7r° (left panel) 
and direct photons (right panel). The recoil suppression is found to be similar for 7r° triggers and direct-photon 
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FIG. 8: Centrality dependence of the suppression of the recoil yield for leading ty° (left panel) and direct photons (right panel) 
with 8 < E-y < 10 GeV 0- 



triggers, and in agreement with theoretical predictions which are based on the di-hadron measurements presented in 
Figure O In the near future, differential measurements of the suppression as a function of hadron px will allow to 
experimentally constrain the probability distribution for parton energy loss in the medium [3^ . 

In summary, high-p-^ jet production in heavy ion collisions has been observed at RHIC. The most direct signatures 
of jet and di-jet production are provided by di-hadron measurements and more recently in direct photon-jet events. 
At high pt a clear suppression of the recoil jet is observed, indicating that the partons lose energy while propagating 
through the dense QCD matter formed in the collision. Systematic comparisons of single hadron spectra, di-hadron 
and 7-jet measurements to theory calculations are being pursued to obtain limits on the parton-medium interaction 
and on the medium properties themselves. Measurements with reconstructed jets and more detailed analysis of 7-jet 
events, which are expected in the next few years, are crucial to constrain energy loss models, because they provide 
a direct measure of the initial jet energy. 
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